Eukaryotic DNA is packaged in the nucleus by histone proteins to form chromatin. The functional subunit of chromatin is the nucleosome, in which approximately 147 base pairs of DNA wrap around a histone octamer containing two copies each of the four core histone proteins (H3, H4, H2A and H2B) [1] [2] [3] . The unstructured tails of histones are rich in post-translational modifications (PTMs) such as methylation, acetylation and phosphorylation 4, 5 . Histone PTMs can alter the physical structure of chromatin 6 and have been proposed to function as a 'histone code' to coordinate the recruitment of effector proteins that elicit selective effects on gene expression and other chromatin-templated biological processes [7] [8] [9] . DNA methylation constitutes an additional layer of epigenetic regulation on chromatin. The faithful inheritance of DNA methylation patterns is essential for normal mammalian development and long-term transcriptional silencing 10 . Although studies suggest that there is evolutionarily conserved cross-talk between DNA methylation and histone PTMs 11-13 , biological mechanisms linking these two chromatin modifications in mammals have not been established 14 .
Eukaryotic DNA is packaged in the nucleus by histone proteins to form chromatin. The functional subunit of chromatin is the nucleosome, in which approximately 147 base pairs of DNA wrap around a histone octamer containing two copies each of the four core histone proteins (H3, H4, H2A and H2B) [1] [2] [3] . The unstructured tails of histones are rich in post-translational modifications (PTMs) such as methylation, acetylation and phosphorylation 4, 5 . Histone PTMs can alter the physical structure of chromatin 6 and have been proposed to function as a 'histone code' to coordinate the recruitment of effector proteins that elicit selective effects on gene expression and other chromatin-templated biological processes [7] [8] [9] . DNA methylation constitutes an additional layer of epigenetic regulation on chromatin. The faithful inheritance of DNA methylation patterns is essential for normal mammalian development and long-term transcriptional silencing 10 . Although studies suggest that there is evolutionarily conserved cross-talk between DNA methylation and histone PTMs [11] [12] [13] , biological mechanisms linking these two chromatin modifications in mammals have not been established 14 .
The E3 ubiquitin ligase UHRF1 is genetically linked to the establishment and maintenance of DNA methylation 15, 16 in mammals. Deletion of UHRF1 in mice is embryonic lethal, and embryonic stem cells derived from these mice show dramatic losses in DNA methylation, impaired maintenance of higher-order chromatin structure and spurious transcription of repetitive DNA elements that would otherwise be silenced 15, 16 . The SET-and RING-associated (SRA) domain of UHRF1 binds hemimethylated CpG dinucleotides [17] [18] [19] . These and other results 15, 16 suggest that UHRF1 binds hemimethylated DNA during semiconservative replication of DNA in S phase and recruits DNA methyltransferase-1 (DNMT1) to copy the methylation pattern onto the daughter strand. We recently showed that, through a conserved aromatic cage in the first subdomain of its tandem tudor domain (TTD) 20 , UHRF1 binds to and colocalizes with histone H3 trimethylated at Lys9 (H3K9me3)-a transcriptionally repressive chromatin mark that is enriched at pericentric heterochromatin and telomeres [21] [22] [23] [24] . Although evidence of cooperation between DNA methylation and UHRF1 has remained vague, the coordinated binding of UHRF1 to repressive chromatin signatures suggests an attractive effector-mediated mechanism for the propagation of epigenetic information. We therefore sought to determine whether the binding of UHRF1 to methylated H3K9 provides a mechanism for the propagation of DNA methylation patterns in mammals.
RESULTS

UHRF1 binds H3K9 me2/3 regardless of H3S10 phosphorylation
We began this study by using a microarray platform recently developed for histone peptides to compare the binding properties of the UHRF1 TTD with other known domains of H3K9 methyl effector proteins, including the chromodomains of the three HP1 isoforms (α, β and γ), the chromodomain of MPP8 and the ankyrin repeats of GLP (Fig. 1a) . These peptide microarrays contain a library known single and combinatorial PTMs on H2A, H2B, H3 and  H4-including lysine and arginine methylation, lysine acetylation, and serine and threonine phosphorylation (Supplementary  Table 1 ). We spotted arrays 24 times with each histone peptide as described 25 and probed them with histidine-tagged (His) UHRF1 or glutathione S-transferase (GST)-tagged HP1, MPP8 or GLP protein domains. Array analysis revealed that these effector proteins bound preferentially to H3K9-methylated peptides (Fig. 1b and  Supplementary Fig. 1 ). With the exception of the GLP ankyrin repeats, which bound preferentially to H3K9 monomethylation (H3K9me1), these effector proteins had a general preference for H3K9me2 and H3K9me3. Notably, no binding was observed for H3K27 methylated peptides, which share a conserved ARKS binding motif with H3K9 (Supplementary Fig. 1c) .
Recent work from our laboratory and others has shown that the binding of effector proteins to their intended targets is often enhanced or perturbed by PTMs neighboring the targets [25] [26] [27] [28] . When we analyzed the influence of neighboring PTMs on effector protein binding to methylated H3K9 peptides, we found little influence of lysine acetylation, H3K4me3 or H3R8 methylation (mono-or symmetric or asymmetric dimethylation). One exception was the HP1γ chromodomain, whose binding to H3K9me2 and H3K9me3 was partially perturbed by asymmetric dimethyl H3R8 (H3R8me2a). In contrast, H3T6 phosphorylation (H3T6ph) perturbed binding to H3K9me3 by all tested effector proteins (Fig. 1b) . Notably, unlike other H3K9 methyl effectors tested, the UHRF1 TTD bound to H3K9me2 and H3K9me3 in the presence of H3S10ph (Fig. 1b and Supplementary Fig. 1b) , consistent with our previous observations based on SPOT-array technology 20 . In-solution peptide pulldown assays verified that the UHRF1 TTD bound H3K9me2 and H3K9me3 regardless of the presence of H3S10ph (Fig. 1c) , unlike the MPP8 chromodomain (Fig. 1c) and HP1α (data not shown). Quantification of this interaction by fluorescence polarization showed the affinity of UHRF1 TTD binding to H3K9me3 peptides was similar whether H3S10ph was absent or present (K d = 2.0 µM and 2.6 µM, respectively) (Fig. 1d) . In contrast, the MPP8 and HP1α chromodomains bound to H3K9me3 peptides with K d = 0.23 µM and 9.0 µM, respectively, but binding in the presence of H3S10ph was not measurable (Fig. 1d) .
Previous studies have shown that Aurora B kinase-mediated H3S10ph disrupts the binding of HP1 to H3K9 methylated chromatin during mitosis-a 'phospho-methyl switch' whose impairment leads to defects in chromosome alignment, segregation, spindle assembly and cytokinesis 29, 30 . Because our in vitro analysis revealed that the UHRF1 TTD bound H3K9me regardless of H3S10ph, we asked whether this phospho-methyl switch affected the binding of UHRF1 to mitotic chromatin. Synchronized release of HeLa cells from doublethymidine block showed that in mitosis, all three states of H3K9me (mono-, di-and trimethylation) occur in combination with H3S10ph ( Fig. 1e and Supplementary Fig. 2a,b a r t i c l e s of HeLa cells into chromatin-enriched and soluble fractions from time points along this synchronized released showed that UHRF1 remained chromatin bound throughout mitosis, whereas HP1γ was lost from chromatin fractions as cells progressed into mitosis and gained reciprocally in the soluble pool (Fig. 1e) . Taken together, these results show that the UHRF1 TTD specifically binds to H3K9me2 and H3K9me3 in vitro, regardless of H3S10ph, and they suggest that UHRF1 might evade the phospho-methyl switch, perhaps performing some undetermined mitotic function.
Structural basis for UHRF1 insensitivity to H3S10ph
We reasoned that an understanding of the structural basis for the UHRF1 TTD insensitivity to H3S10ph might allow us to uncouple UHRF1 from mitotic chromatin and explore its potential mitotic function. We have shown that UHRF1 recognizes H3K9me3-containing histone peptides through its TTD, with H3K9me3 sitting in the canonical aromatic cage 20 . To explain mechanistically the insensitivity of UHRF1 to the presence of H3S10ph, we first obtained a crystal structure of the TTD in complex with a short H3 peptide (residues 6-11, TARKme3SphT). Although we were able to observe clear electron density for the H3K9me3 residue, which fits in the aromatic cage, the electron density for the adjacent H3S10ph residue was weak, suggesting multiple conformations of this side chain (data not shown).
Using NMR spectroscopy, we next examined the interaction of the UHRF1 TTD with a doubly modified H3 peptide (residues 1-11, ARTKQTARKme3SphT) and compared the results to our previously reported solution ensemble of the unphosphorylated form of this peptide bound to UHRF1 TTD 20 (Fig. 2a,b) . Only three UHRF1 TTD residues (Asn147, Glu193 and Lys233) showed substantial chemical shift differences between H3K9me3 peptide with or without phosphorylated S10, indicating that both peptide-protein complexes have similar affinities and adopt similar conformations. Key among changes in chemical shift was the disappearance of the 15 N-1 H resonance of Asn147, whose side chain is closest to S10 in the unphosphorylated peptide-protein complex (Fig. 2c) . This disappearance can be explained by intermediate (on the NMR timescale) conformational exchange near H3S10ph, and it implies that Asn147 adopts an altered conformation when bound to H3K9me3 in the presence of S10ph-a conformation that might be important for the UHRF1 TDD interaction with H3K9me3.
To better understand the potential conformations of H3S10ph when it is bound to the TTD, we re-refined the NMR solution ensemble of the UHRF1 TTD in complex with H3K9me3 (PDB 2L3R) 20 but included H3S10ph. The ensemble of the complex with H3K9me3 and S10ph showed that the phosphoserine side chain is readily accommodated by the UHRF1 TTD, as S10ph rotates outward into the solvent while maintaining the experimental values for intra-protein and protein-peptide NOE observed in the solution structure of the unphosphorylated peptide (Fig. 2d) . The ensemble also offered an explanation for the change in 15 N-1 H resonance of Glu193, which might be influenced by certain conformations of H3S10ph. 
a r t i c l e s
A comparison of the crystal structures of the UHRF1 TTD (PDB 3DB3) 20 (Fig. 2e) , the MPP8 chromodomain (PDB 3QO2) 31 and the HP1α chromodomain (PDB 1KNE) 32 in complex with H3K9me3 peptides identified a conserved, negatively charged glutamate residue whose orientation and proximity (<3 Å) to H3S10 was similar to that of Asn147 of the UHRF1 TTD. Given this and our NMR results showing a chemical shift of Asn147 in the presence of H3K9me3 and an S10p-containing peptide, we reasoned that mutation of Asn147 to a glutamate or aspartate would place a repulsive negative charge near H3S10ph and make the UHRF1 TTD sensitive to the phospho-methyl switch. Indeed, the N147E and N147D mutations reduced UHRF1 binding affinity for the doubly modified peptide by several orders of magnitude but had a negligible effect on binding to the H3K9me3 peptide (Fig. 2f) . Notably, HP1α E53N and MPP8 E91N mutations completely abolished binding of these domains to H3K9me3 (data not shown), suggesting chromodomain coordination of H3S10 through this conserved glutamate. Together, the crystal and NMR structures of protein-peptide complexes and these mutagenesis studies indicate that the UHRF1 TTD can readily bind to both phosphorylated and unphosphorylated H3K9me3 peptides with almost identical conformations, and they suggest that H3S10ph probably explores multiple solvent-exposed conformations in the vicinity of Asn147 when bound to H3K9me3.
UHRF1 binds H3K9me through mitosis to maintain 5mC
Next, we sought to determine whether the N147E mutation that made the UHRF1 TTD sensitive to the phospho-methyl switch in vitro would affect the ability of UHRF1 to bind mitotic chromatin. We also examined the chromatin association of a UHRF1 aromatic cage mutant (Y188A) that is incapable of binding H3K9me3 in vitro 20 . UHRF1 N147E, or 'switch' , mutants, and UHRF1 Y188A, or 'cage' , mutants (Fig. 3a) were transiently expressed in HeLa cells for 48 h, and the resulting asynchronous and nocodazole-arrested cells were biochemically separated into chromatin-enriched and soluble fractions. UHRF1 Y188A was unable to bind bulk chromatin (Fig. 3b) , even though its SRA domain (which binds CpG dinucleotides) [17] [18] [19] and PHD domain (which binds to the unmodified H3 N terminus) 33 were intact, indicating that binding to H3K9me is crucial for UHRF1 association with chromatin. Notably, although UHRF1 N147E bound to asynchronous chromatin, its association with nocodazole-arrested mitotic chromatin was perturbed as compared to wild-type UHRF1 (Fig. 3b) . Taken together, these results indicate that the N147E UHRF1 mutation confers sensitivity to the phospho-methyl switch that is comparable to that of other H3K9 effector proteins (Fig. 1) , and they show that H3K9me has a crucial role in the association of UHRF1 with chromatin. It remains unclear, however, whether H3K9me or mitotic binding by UHRF1 contributes to its function in DNA methylation maintenance.
Past studies 15, 16, 33 and results from our laboratory (Fig. 3c,d ) have shown that knockout and knockdown of mouse UHRF1 (also called NP95) results in global reduction of DNA methylation. Specifically, studies in mice suggest that UHRF1 physically interacts with DNMT1 and may facilitate its recruitment to chromatin 15, 16 . We therefore hypothesized that the interaction between UHRF1 and H3K9me might be necessary to maintain DNA methylation in mammalian cells. To test this hypothesis, we first stably knocked down UHRF1 in HeLa cells with small hairpin RNAs (shRNAs) (Supplementary Fig. 2c,d ) and analyzed global DNA methylation by immunofluorescence, which showed a 58% reduction in 5-methylcytosine (5mC) staining (Fig. 3d) . Transient expression of wild-type UHRF1 for 48 h restored 5mC levels to 69% of that measured in untransfected control cells. However, the UHRF1 Y188A cage mutant did not restore 5mC levels, showing for the first time that the H3K9me binding function of UHRF1 is required for DNA methylation maintenance. Furthermore, the UHRF1 N147E phospho-methyl switch mutant only partially restored global 5mC levels, indicating that mitotic binding of UHRF1 to H3K9me also contributes to maintenance of DNA methylation. (e) Genetic complementation in HeLa cells as in d, followed by sodium bisulfite conversion and sequencing of a CpG island in the intergenic spacer of IGS rDNA (see also Supplementary  Fig. 3 ). Individual CpG sites are represented as black (methylated) or white (unmethylated) circles. Error bars represent ± s.e.m. Async., asynchronous; KD, knockdown; WT, wild type.
a r t i c l e s
We further investigated the link between DNA and histone methylation by examining the methylation status of 21 CpG dinucleotides from the 5′ end of the intergenic spacer of ribosomal DNA (IGS rDNA) (Supplementary Fig. 3) . Methylation of this CpG island was shown to be regulated by UHRF1 (ref. 15) . In a HeLa cell line expressing a non-targeted control shRNA, this locus was 87.3% methylated, and UHRF1 shRNA diminished the level of DNA methylation to 37.7% (Fig. 3e) . As in our global analysis by 5mC staining, transient expression of wild-type UHRF1 restored DNA methylation at this locus to 62.3% of control. However, neither the Y188A nor the N147E UHRF1 mutation restored DNA methylation at this locus (Fig. 3e) . Collectively, these results indicate that the association of UHRF1 with H3K9me in mitosis is crucial for maintaining DNA methylation in HeLa cells.
UHRF1 mitotic chromatin binding stabilizes DNMT1
We next sought to determine the mechanism by which the interaction of UHRF1 with H3K9me regulates DNA methylation. Previous studies suggested a lack of DNMT1 recruitment to chromatin in the absence of UHRF1 (ref. 15 ). However, we and others 34 have found that endogenous and ectopic forms of DNMT1 are only weakly associated with chromatin in wild-type cells; DNMT1 is detectable primarily in the soluble nuclear component (data not shown). Notably, we observed that stable knockdown of UHRF1 led to a dramatic decrease of DNMT1 in soluble HeLa cell lysates (Fig. 4a) . Analysis of DNMT1 abundance in the presence of a proteasome inhibitor (MG132) indicated that this effect was at the level of protein stability (Fig. 4b) . To determine whether the ability of UHRF1 to regulate DNMT1 stability was mediated by its H3K9me interaction, we transfected these cells with wild-type or Y188A UHRF1 and re-examined the abundance of DNMT1. Wild-type UHRF1 stabilized DNMT1 in both asynchronous and mitotic cells (Fig. 4c) . Conversely, UHRF1 Y188A stabilized DNMT1 in asynchronous cells but not in mitotic ones, indicating that mitotic binding of UHRF1 to H3K9me is required for maintaining DNMT1 stability. We obtained similar results for UHRF1 N147E (data not shown). UHRF1 H741A, a mutation perturbing UHRF1 E3-ubiquitin ligase function 35, 36 , did not rescue DNMT1 stability alone or in combination with UHRF1 Y188A (Supplementary Fig. 4) , indicating that mitotically driven DNMT1 stability occurs independently of UHRF1 E3-ubiquitin ligase.
DISCUSSION
These results show that mitotic binding of UHRF1 to H3K9 methylated chromatin is necessary for DNMT1 stability and the maintenance of DNA methylation (Fig. 5) . To our knowledge, this is the first example that H3K9me is required in the maintenance of DNA methylation in human cells. In addition to the TTD, UHRF1 has an adjacent PHD domain that was recently shown to contribute to UHRF1 association with histones through its interactions with the unmodified N terminus of H3 (ref. 33 ) and an SRA domain that binds CpG dinucleotides [17] [18] [19] . The latter interaction suggested an attractive model in which UHRF1 facilitates DNMT1-mediated maintenance methylation by binding to hemimethylated DNA during semiconservative DNA replication. Notably, our finding that UHRF1 Y188A cannot bind chromatin (Fig. 3b) shows that the TTD interaction with H3K9me is the primary means by which UHRF1 is maintained on chromatin, and it implies that the PHD and SRA domains of UHRF1 cannot maintain its chromatin association and DNA methylation in the absence of a functional TTD (Fig. 3) .
Here we identify the UHRF1 TTD as, to our knowledge, the first H3K9 methyl effector protein that is insensitive to the mitotic phospho-methyl switch 29, 30 , and we describe a function for binding to this dually marked histone tail in mitosis (namely, DNMT1 stability and the maintenance of DNA methylation). We further reveal that the faithful propagation of DNA methylation patterns by DNMT1 requires events that occur outside of S phase. The de novo methyltransferases DNMT3a and DNMT3b were recently shown to be unstable when not physically associated with chromatin 34, 37 . We postulate that, as with DNMT3a and DNMT3b, the stability and subsequent maintenance of DNA methylation by DNMT1 are dependent on its indirect chromatin association-through its associations with UHRF1 and the replication machinery during S phase-and its interaction with UHRF1 during mitosis (Fig. 5) . Supplementary Fig. 2c,d) . The indicated concentrations of proteasome inhibitor MG132 (b) or nocodazole (c) in DMSO were added as described in Online Methods; β-tubulin, positive control. Async., asynchronous; mitotic, mitotically arrested; KD, knockdown; mock, transfection with Myc-DNMT1 only. Figure 5 Proposed interaction between UHRF1, DNMT1 and H3K9 methylated histones in replicating and mitotic chromatin. The UHRF1 TTD interaction with H3K9me throughout mitosis is necessary to faithfully propagate DNA methylation patterns. The TTD is insensitive to H3S10ph and thus evades the mitotic phospho-methyl switch, and UHRF1 binding to mitotic chromatin regulates the stability of DNMT1. PCNA, proliferating cell nuclear antigen.
npg
Our DNA methylation analysis with UHRF1 N147E (which is sensitive to H3S10ph and fails to localize to mitotic chromatin) revealed partial rescue of global DNA methylation in UHRF1 knockdown cells (Fig. 3d) but no restoration of DNA methylation at the late-replicating (heterochromatic) IGS rDNA CpG island (Fig. 3e) . We therefore hypothesize that UHRF1 insensitivity to the phospho-methyl switch is necessary for the maintenance of DNA methylation at these late-replicating heterochromatic loci, which are demarcated with H3K9me3. It is indeed plausible that Aurora B phosphorylates H3S10 in these regions before the DNA methylation pattern has been copied. Although these ideas await further testing, our data nonetheless define an important role for UHRF1 as an intermediate link between H3K9me and the faithful epigenetic inheritance of DNA methylation in human cells, in which the mitotic association and H3S10ph insensitivity of UHRF1 are necessary to maintain DNMT1 stability.
METHODS
Methods and any associated references are available in the online version of the paper.
